Personal Alert Safety System (PASS) devices are used in the fire service to locate trapped or injured personnel. When a firefighter becomes incapacitated, the device emits an audible alarm to help rescue teams locate the downed firefighter. These devices have been mostly successful but there are still cases in which PASS is not effective, and the present project seeks to provide science-based guidance for improvements to PASS. One part of this complex problem is the effect of the protective equipment (helmet, eye protection, hood, coat) that is worn by firefighters on hearing. Since this has not previously been studied, it has not been accounted for in the current design of the PASS signal. To address this deficiency, head related transfer function (HRTF) measurements have been taken with a KEMAR acoustic mannequin wearing various combinations of the aforementioned equipment. Results indicate a reduced received level at the ear when the full complement of gear is worn, as might be expected, potentially causing a reduced detection range. In addition, the helmet and eye protection devices cause significant disruption of the normal HRTF patterns, which could potentially interfere with localization.
INTRODUCTION
Firefighters use a Personal Alert Safety System (PASS) device to alert personnel on the fire ground that the wearer is in trouble. A PASS device works by producing an audible signal when it senses a lack of movement for a certain amount of time. The National Fire Protection Association's (NFPA) current standard for this device, NFPA 1982, states that this is "A device that continually senses for lack of movement of the wearer to automatically activate the alarm signal indicating the wearer is in need of assistance. The device may also be manually activated to trigger the alarm signal." [1] The standard goes on to state that there should be a pre-alarm signal with two primary frequencies "not less than 1000 Hz and not more than 2000 Hz" at 80 to 95 dBA. Also, the primary alarm signal should have three primary frequencies -one at 500 Hz and two between 1000 Hz and 4000 Hz.
The purpose of the PASS device is to aid in detection and localization of a downed firefighter. A major component of this system is the detectability and localization of the alarm sound by other firefighters on the fireground, in the presence of the firefighting noise background during an active fire. The purpose of the present study is to determine how a firefighter's personal protective equipment (PPE) affects acoustic detection and localization of the PASS alarm signal. The PPEs studied here (provided by the Austin Fire Department) include the firefighter's coat, hood, and helmet which can change the acoustic field around the hearer.
Detection of sound has been studied while wearing ear protection and in the presence of hearing loss [2] and in work environments. [3] Localization of sound has been studied thoroughly, [4] [5] including how changes in wall properties change localization. [6] Little to no work has been done to understand how objects around the head change or hinder either localization and detection-especially personal protective equipment. The current study uses a Knowels Electronics Mannequin for Acoustic Research (KEMAR) to determine how PPEs worn by firefighters affect the head-related transfer function (HRTF).
EXPERIMENT
The measurements reported here were obtained in a fully anechoic chamber at The University of Texas at Austin. The height of the KEMAR was such that the ears were 1.8 meters off the floor. The KEMAR was placed 1.8 meters away from a m-Audio AV-40 speaker that was directed towards the middle of the KEMAR's forehead. This can be seen in Figure 1 . The KEMAR was attached to a motorized turntable that rotated 360 ± at 2 ± increments. At each angular position, the speaker produced 25 periodic chirps which were received by the microphones in the ears and recorded by a DAQ card. These signals were sent to a PC where they were linearly averaged, and the HRTFs were calculated in the frequency domain using Fast Fourier Transforms with 2.1 Hz resolution bandwidth.
This procedure was applied to study elements of the PPE ensemble mentioned above both separately and combined. The helmet was determined to have the greatest impact by a wide margin. Therefore, 11 different helmets were acquired and tested. This helmet-focused study was intended to provide amore detailed understanding of the effect of firefighting helmets on human hearing.
RESULTS
The head-related transfer functions, composed of the left received signal divided by the right received signal, P L P R , as a function of frequency and angle, are shown in Figure 2 . In general, when the received level is higher in the left ear, the dB value of this HRTF is positive (warm colors in Fig. 2) . When the received level is higher in the right ear, the dB value of this HRTF is negative (cooler colors in Fig. 2 ). The angle is such that at 0 ± the KEMAR is directly facing the speaker; clockwise in the top view is the direction of positive rotation, and counter clockwise is negative. Figure 2 shows a comparison of the measured HRTFs for the bare KEMAR and the KEMAR wearing all the PPE gear -the coat, hood, and original helmet.
FIG. 1.
The KEMAR set up in the anechoic chamber testing the changes in signal due to the firefighting coat.
RESULTS
he results are shown as a comparison of the left receiver over the right receiver. When the speaker is louder in t receiver than in the right the data is positive, and negative when it is on the other side. Spectrograms are used the level in this manner varied by the angle and frequency. The angle is such that at 0 is when the KEMAR ng the speaker, and the negative degrees are with the KEMAR rotating counter clockwise. The frequency rang 500 to 4 kHz. This can be seen in Figure 2 which shows a comparison of the bare case and the case with t MAR wearing the coat, hood, and original helmet. hese results show a significant spectral di erence when the case with and without gear. These di erences resu n average 3 dB loss in level. Also, the resonances that can be seen are a result of the helmet. These can be bett when looking at single frequencies as in Figure 3 . igure 3 shows frequencies 500 Hz, 1 kHz, 2500 Hz, and 4 kHz. The line should have two transitions like in t Hz case indicating where the microphones are recording the same magnitude. As the KEMAR rotates, the left t microphone will have a higher magnitude indicating which side of the head the source is located. If the sour n the left side of the KEMAR head, the line is positive. he 500 Hz lines have the lest amount of di erence between them. As the frequency increases, the resonanc ome more pronounced, but the main trend can still be traced under these di erences. The most promine nges are found at 4 kHz which is on the edge of the PASS range. These results show a significant difference between gear and no gear. In the bare case, at all frequencies, there is a smooth transition from cool colors to warm colors, as the rotation angle crosses 0 ± . This means that the ear nearest the sound source received a higher level than the ear facing away from the sound source (as expected) and the level smoothly equalizes as the head is turned to face directly at the sound source.
When the PPE gear is present (Fig. 2 right frame) significant structure in the transfer function is seen, as a result of diffraction from the helmet brim. Above 750 Hz, there is no longer a smooth transition from cool colors to warm colors as the head is turned relative to the sound source. Instead the level oscillates, which is similar to what would happen if the sound source were rapidly moving. It is possible that this could cause difficulty in localization, but listening tests will have to be conducted to asses the human response to this physical acoustics result.
Although the results in Figure 2 show this effect over a wide frequency range, it is also useful to look at slices taken from Figure 2 at single frequencies. Figure 3 shows HRTF frequencies 500 Hz, 1 kHz, 2.5 kHz, and 4 kHz. In the bare case, when the source is on the left side of the KEMAR head, P L will sense a higher pressure than P R due to the shadow created by the head, and the HRTF will be positive. The transition from negative angles to positive angles is smooth and the HRTF magnitude monotonically increases, crossing the 0 dB level only once at 0 ± . This is true for both gear and no gear cases at 500 Hz. As the frequency increases, this transition is no longer smooth or monotonic. The level fluctuates above and below 0 dB more than once as the head is turned. The number of zero dB crossings increases with frequency. This could cause localization difficulty since one of the normal cues for localization is disrupted.
By measuring HRTFs for the various pieces of gear separately, it was found that the helmet was the primary cause of the differences seen in Figures 2 and 3 . There are many different helmet designs in use in the fire service today, with different shapes, sizes and geometries. Eleven different helmets were acquired from the most commonly used manufacturers with a variety of features. HRTFs, such as shown in Figures 2  and 3 were measured for all eleven helmets, but showing all of the results in colormap format, as in Fig. 2 , or even at single frequencies, as in Fig. 3 is beyond the scope of the present paper. Instead, a single quantitative metric was found to describe the fluctuations seen in the HRTFs. This metric was generated in the following way: The HRTF magnitude curves at 500 Hz, 1 kHz, 2 kHz, and 4 kHz were smoothed using a moving average, and the third derivative was calculated. The root-mean-square average of the third derivative was taken and the results are presented in Table 1 and plotted in Figure 4 . The bare case is shown with the heavy solid black line. At 4 kHz, third derivative values for all the helmets are higher than the bare case, and the worst case is more than 8 times higher. At 2 kHz, all helmets are higher than the bare case, but not as much as at any other frequency. This indicates that localization difficulty due to helmet diffraction might be minimized at 2 kHz. At 1 kHz and 500 Hz, some helmets show third derivatives similar or even lower than the bare case.
A very unusual HRFT is shown in Figure 5 for helmet 8 at 1 kHz. Note that this is for the purple curve in Figure 4 , which has the largest third derivative values at 500 Hz and has very low third derivative values at 2 and 4 kHz. The bare curve is shown in Figure 5 for crossing zero degrees for the bare case, but is negative for helmet 8. This could possibly cause the wearer to make a left-right error when wearing helmet 8, as sound coming physically from the right side ear was received louder in the left ear, potentially a very confusing situation.
Finally, although not shown, transfer functions between the source signal and the received level at each ear were computed. From this data, the absolute level at each ear was calculated, then averaged over frequency and angle. It was found that this average receive level was about 3 dB less when wearing all of the tested gear as compared to the bare KEMAR. In other words, on average, the PPEs reduce the received level by about 3 dB compared to the no gear case.
CONCLUSION
The use of firefighter personal protective equipment, although necessary, alters signals that reach the ears of the firefighters. On average, the PPEs lower the received level by 3 dB, which can reduce the detection range, and add significant structure that can potentially cause localization errors. The most significant changes occur because of the helmet. These changes are seen in all helmets tested and are most significant at
